ABSTRACT
The peripartum period is a time of high susceptibility for mood and anxiety disorders, some of them have recently been associated with alterations in hippocampal neurogenesis. Several factors including stress, ageing, and, perhaps unexpectedly, lactation have been shown to decrease hippocampal neurogenesis. Intriguingly, lactation is also a time of reduced stress responsivity suggesting that the effect of stress on neurogenic processes may differ during this period. Therefore, the aim of the present study was to assess the effect of repeated stress during lactation (2 h restraint stress from lactation day (LD) 2 to LD13) on brain weight, hippocampal volume, cell proliferation and survival, and on neuronal and astroglial differentiation. Besides confirming the known lactation-associated decrease in cell proliferation and survival, we could reveal that stress reversed the lactation-induced decrease in cell proliferation, while it did neither affect survival of newly born cells nor the number of mature neurons in lactation but did not alter immature neuron production or the number of astroglial cells. Stress exposure increased relative brain weight and hippocampal volume mirroring the observed changes in neurogenesis. Interestingly, hippocampal volume and relative brain weight were lower in lactation compared to nulliparous females under non-stressed conditions. This study assesses the effect of stress during lactation on hippocampal neurogenesis and indicates that stress interferes with important peripartum adaptations at the level of the hippocampus.
INTRODUCTION
Throughout all mammalian species, motherhood is characterised by numerous neuroendocrine and behavioural adaptations. Among these, the most obvious are lactogenesis and maternal behaviour, including maternal care and aggression (Hillerer et al., 2011a; Neumann, 2001; Russell et al., 2001; Walker et al., 1995) . However, in addition to changes directly associated with reproductive functioning, a host of important behavioural and physiological alterations occur (Carter et al., 2001; Neumann, 2001; Neumann, 2003; Walker et al., 1995) , with decreased anxiety (Altemus et al., 1995; Carter et al., 2001; Heinrichs et al., 2001) (and see (Slattery and Neumann, 2008) for review) and increased basal cortisol / corticosterone (CORT) levels amongst the most prominent. The latter alteration is related to the presence of nursing pups (Stern et al., 1973; Walker et al., 1995) and has been directly correlated with the concomitant decrease in hippocampal neurogenesis observed during the first postpartum weeks (Leuner et al., 2007) .
In addition to the peripartum-associated hypercorticism / hypercortisolism, there are numerous alterations that act in concert to decrease the response of the HPA axis to external stressors (Altemus et al., 1995; Brunton et al., 2008; Heinrichs et al., 2001) . This raises the intriguing possibility that stress during the peripartum period may affect neurogenesis in a different fashion to that observed in male and female (nulliparous) rodents. Thus, it has repeatedly been demonstrated that exposure to a variety of stressors decreases hippocampal cell proliferation and survival in males, and cell survival in females (Gould et al., 1997; Gould et al., 1998; Hillerer et al., 2013; Lucassen et al., 2001; Pham et al., 2003) . Such stress-related alterations in neurogenesis have been posited to play a crucial role in the aetiology of anxiety and depression (Fuchs, 2007; Snyder et al., 2011) . Moreover, there is a growing body of evidence suggesting that antidepressants modulate these stress effects, at least in part, by increasing hippocampal neurogenesis (Hanson et al., 2011; Snyder et al., 2011) . In addition, numerous sex differences in various aspects of hippocampal neurogenesis, under both basal and stress conditions, have been reported (Galea et al., 2008; Hillerer et al., 2013) . The peripartum period is a time of high susceptibility for mood and anxiety disorders (Beck, 2006; Bridges, 2008; Lonstein, 2007; Robertson et al., 2004) and stress during the peripartum period is one of the most prominent risk factors to develop postpartum mood disorders (Robertson et al., 2004) . Therefore, it may be hypothesized that alterations in hippocampal neurogenesis underlie some of the observed disturbances in postpartum mood. However, there is a lack of evidence for the impact of stress during lactation on postpartum hippocampal neurogenesis.
Therefore, the aim of our study was to determine the effects of repeated restraint stress (RS) during the lactation period on different aspects of hippocampal neurogenesis within the dentate gyrus (DG). We evaluated the number of proliferating and surviving cells, as well as neuronal and astroglial differentiation patterns of the proliferating cells. Moreover, as lactation has been shown to affect brain size in humans (Oatridge et al., 2002) , we also evaluated absolute and relative brain weight, as well as hippocampal volume. Finally, we assessed the effect of stress on basal and acute-stress induced CORT levels across the stress period.
MATERIALS AND METHODS

Animals
Female Wistar rats (200-250g; Charles River, Sulzfeld, Germany), housed in groups of four in standard polycarbonate rat cages under standard laboratory conditions (12-h light/dark cycle, lights on at 06:00h, 22°C ± 1°C, 60 ± 5% humidity; free access to food and water) and allowed to habituate for at least seven days were used in these studies. All experimental procedures were performed between 08:00 -12:00, approved by the Committee on Animal Health and Care of the local government of the Oberpfalz, and complied with international guidelines on ethical use of animals.
Experimental cohorts
A total of three different experimental cohorts were used for the present studies. One cohort of animals (nulliparous n= 18; lactating n= 16) was used to analyze relative brain weigh, hippocampal volume hippocampal cell proliferation and immature neurons (see also Figure 1A ), one cohort (nulliparous n= 15; lactating n= 14) was used to analyze hippocampal cell survival and cell fate, (see also Figure 1B) and a final cohort of animals (lactating non-stressed n= 13; lactating stressed n= 13) was used to assess plasma CORT levels.
Mating procedure and confirmation of pregnancy
After habituation, all female rats were mated (two to three females to one male), and pregnancy was verified by vaginal smears (designated pregnancy day (PD)0). Non-pregnant rats were assumed to be nulliparous. All animals were returned to group cages with 4 females housed together (cage size 55 x 35 x 20 cm) until PD16 (or equivalent in nulliparous animals), when they were single-housed. ). To rule out the possibility of pseudopregnancy in nulliparous females and to confirm that these animals were normally cycling after mating, vaginal smears were taken on day 1 and day 3 after the end of the mating procedure. Females that were in proestrus on the day of perfusion were excluded from the study to rule out the possibility of estradiol-mediated changes in cell proliferation as shown before (Tanapat et al, 1999) . On the day of birth, i.e. on lactation day (LD) 1, the number of pups in the litter and the average birth weight were determined, and then all litters were culled to 8 pups to ensure comparable conditions across all dams.
Stress procedure
Animals of the stressed groups were subjected to 2 h RS for 12 consecutive days (LD2-LD13, or equivalent in nulliparous animals) between 10:00 -12:00 A.M. RS has been repeatedly shown to be an effective stressor in female rats (Darnaudery et al., 2004; Hillerer et al., 2011a; Hillerer et al., 2011b) and to affect proliferation and survival rate of new hippocampal cells (Hillerer et al., 2013; Luo et al., 2005; Pham et al., 2003; Rosenbrock et al., 2005) . Each rat was placed in a plexiglass column with ventilation holes (12 cm diameter). Non-stressed controls were single-housed and left undisturbed in their home cages in the same room. Dams that were separated from their pups, but not exposed to stress, were also included to rule out an effect of pup separation on the parameters assessed. However, this group did not differ from non-stressed controls, which remained with their pups, in any parameter (data not shown). The body weight of each animal was recorded daily from the beginning of the stress procedure until the day of sacrifice.
Nulliparous females
In order to determine the effects of the reproductive status and stress on hippocampal neurogenesis in lactating females, the present study was carried out in parallel with our recent study (Hillerer et al., 2013) . Therefore, the data on cell proliferation, cell survival and differentiation patterns from the nulliparous group is replicated here in order to determine, whether the observed effects were specific to the peripartum period or to females in general.
Experiments 1 and 2: Assessment of hippocampal cell proliferation, cell survival, brain weight and hippocampal volume in nulliparous and lactating females BrdU labelling
Proliferation: To examine proliferation of precursor cells, rats were injected with 5-bromo-2'-desoxyuridine (BrdU; 50mg/kg, i.p; 0.9% NaCl solution; Sigma/Aldrich.) once on the last day of stress, immediately after removal from the restraint tubes, i.e 12:00. Twenty-four h after BrdU injection animals were deeply anesthetized with ketamine/ xylazine (90-120 mg/kg ketamine; 6-8mg /kg xylazin in 0.9% NaCl), intra-cardiacally perfused with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. This time-point has been reported to be sufficient for newborn cells to complete one cell cycle (Takahashi et al., 1992) .
Survival: To trace the survival and fate of recently born cells, rats received daily BrdU injections (50mg/kg, i.p.) during the first four days of stress exposure (LD2-LD5; or equivalent in nulliparous animals) as described above. Sixteen days after the last BrdU injection (LD21, or equivalent day in nulliparous animals) rats were anesthetized and perfused as described above. BrdU was freshly prepared in 0.9% NaCl solution to a dilution of 20mg/ml on each injection day (for a schematic representation of the study design see Figure 1 )
Histological procedures
Immediately after perfusion, brains were weighed to determine absolute and relative brain weights, post-fixed in 4% paraformaldehyde at 4°C overnight, before transfer to 30% sucrose, 0.1 M sodium phosphate solution (pH 7.4) in sterile water for at least one week. Sagital brain sections (40µm) were prepared using a sliding microtome on dry ice, and subsequently stored at 4°C in a cryoprotection solution (glycerol, ethylene glycol and 0.1 M phosphate buffer, pH 7.4, at a ratio of 1:1:2 by volume; (Kandasamy et al., 2010) ). Cresyl violet staining was performed on free-floating sections to analyze hippocampal volume. Immunostaining of BrdU-labelled cells was performed on free-floating sections using the DAB peroxiodase method. Briefly, brain sections were treated with 0.6% H 2 O 2 in Trisbuffered saline (TBS: 0.15 M NaCl, 0.1 M Tris-HCl, pH 7.5) for 30 min. For DNA denaturation, sections were incubated for 2 h in 50% formaldehyde/2 X saline-sodium citrate (SSC) (0.3 M NaCl, 0.03 M sodium citrate) at 65°C, rinsed for 5 min in 2 X SSC, incubated in 2M HCl for 30 min at 37°C and washed for 10 min in 0.1M boric acid, pH 8.5. Thereafter, sections were incubated in FSGB for 1 h, followed by incubation with the primary rat α-BrdU antibody (1:500, Oxford Biotechnology, Oxford, UK) in FSGB overnight at 4°C. The next day, the sections were incubated with biotinylated secondary donkey α-rat antibody (1:500, Molecular Probes), followed by the avidin-biotin-peroxidase complex reaction (1 h; Vectastain elite ABC kit; Vector Laboratories, Burlingame, CA (Kandasamy et al., 2010) ). Thereafter, the signal was visualized using DAB (25mg/ml in water with 0.01% H 2 O 2, 0.04 NiCl 2 ). Stained slides were mounted on microscopic slides, washed with NeoClear (Merck) and coverslipped with NeoMount (Merck). Immunostaining of DCX-labelled cells was performed on freefloating sections as described above (antibodies used: 1° AB goat α DCX , 1:250 in FSGB (Santa Cruz Biotechology; Santa Cruz, CA); 2° AB biotinylated donkey α goat (Molecular Probes); (Kandasamy et al., 2010) ). Triple-immunfluorescence for BrdU/ GFAP/ NeuN was performed using a standardised protocol (Kandasamy et al., 2010) . Briefly, free floating brain sections were incubated in 50% formaldehyde/2 X saline-sodium citrate (SSC) (0.3 M NaCl, 0.03 M sodium citrate) at 65°c for 1 h, rinsed for 5 min in 2 X SSC, incubated in 2M HCl for 30 min at 37°C and washed for 10 min in 0.1M boric acid, pH 8.5. Thereafter, sections were washed four times in TBS for 5 min, before they were incubated with FSGB for 30 min, followed by incubation with the antibody mix (BrdU α rat, 1:500,Oxford Biotechnology, Oxford, UK; GFAP α guinea pig, 1:500, Progen; NeuN α mouse, 1:500, Chemicon) in FSGB for 48h at 4°C. 48h later, the sections were incubated overnight with the secondary antibody mix (donkey α rat conjugated with rhodamine red, 1.500; donkey α guinea pig conjugated with IgG Cy5, 1:500; donkey α mouse conjugated with Alexa Fluor 488, 1.500) in FSGB, shaking in the dark. Stained slides were mounted on microscopic slides and cover-slipped with
Prolong-Antifade (Molecular Probes).
Stereology
To analyze hippocampal volume, pictures were taken at a 10x magnification and volume was assessed using polygon selection measurement in ImageJ. To determine the number of BrdU-positive cells, every sixth section (240µm interval) of the right hemisphere was examined for BrdU-positive cells throughout the rostral -caudal extent of the granule cell layer and the adjacent SGZ. Cells were counted regardless of shape or size under 100x magnification. We used a semi-automatic stereology system (Stereoinvestigator, MicroBrightField) and a 5X objective to trace a defined area of the DG / SGZ. The defined area was used to calculate the number of BrdU-positive cells per 100m 2 of the DG.
Confocal analysis
All morphological analyses were performed by an experimenter blind to the group. To determine the frequency of neuronal differentiation of newborn cells, a series was examined using a grid confocal laser microscope (Olympus XI81) using every sixth section (240µm interval). Z-stacks were built using the Volocity Software ( 
Experiment 3: Effect of RS exposure on plasma CORT levels
As CORT levels have been shown to be an important regulator of neurogenesis (Barha et al., 2011; Galea et al., 2008; Magarinos and McEwen, 1995) , we measured plasma CORT levels under basal and stress conditions. Therefore, a jugular vein surgery was performed on PD19 -as previously described (Hillerer et al., 2013; Neumann et al., 1998) . Briefly, the jugular vein was exposed by blunt dissection, then a catheter consisting of silicon tubing (Dow Corning Corp., Midland MI, USA) and PE-50 polyethylene tubing was inserted approximately 3 cm into the vessel through an incision in a cardiac direction and exteriorized at the neck of the animal. The catheter was filled with sterile saline containing gentamicin (30,000 IU/ml; Centravet, Bad Bentheim, Germany). Five days after surgery, on the first day of stress procedure (LD2), and on LD4 and LD6, at 07:30, the catheter was attached to an extension tube connected to a 1-ml plastic syringe filled with sterilized heparinised 0.9% saline (30 IU/ml, Heparin-Natrium, Ratiopharm, Ulm, Germany). Each rat was then left undisturbed for 2 h. Two basal samples (basal sample one: 0.6ml and basal sample two: 0.2ml) were taken 30 min apart and were used to calculate the mean basal concentrations for CORT. Immediately after the basal sampling, rats were placed into the restraint tubes and additional blood samples were taken 30 and 90 minutes after start of the stress procedure. After 2h, rats were removed from the restraint tubes and returned to their home-cage. All blood samples were immediately replaced with the same volume of intravenous sterile 0.9% saline. All blood samples were collected on ice in EDTA-tubes containing aprotinin (Trasylol, Bayer AG, Leverkusen, Germany) and analysed for CORT using a commercially available ELISA kit (DRG Instruments GmbH, Marburg, Germany).
Statistical analysis
All data are expressed as mean ± SEM and were statistically analysed using either an unpaired Student's t-test, a Mann Whitney U test, or a one-or two-way analysis of variance (ANOVA) with or without repeated measures, as appropriate. ANOVAs were calculated separately for number of cells in the dentate gyrus with group (nulliparous/lactating and control/stress) as between-subject factors. Any statistical differences, which were set at p< 0.05, were further analysed using a Fisher's post-hoc test.
Statistical analyses were performed using SPSS for Windows (version 16; SPSS Inc, Chicago, IL, USA); overall statistics are shown in Table 1 . Due to technical issues some sections could not be analyzed (proliferation and immature neurons: one nulliparous non-stressed animal, one lactating nonstressed and three lactating stressed animals; survival: two lactating stressed animals; neuronal/astroglial differentiation: two nulliparous non-stressed animals).
RESULTS
Stress protects from lactation-associated hippocampus volume shrinkage (Experiment 1)
To assess the effects of the reproductive status and stress on relative brain weight and on hippocampal volume animals were sacrificed after 12 days of RS on LD13 (or equivalent in nulliparous animals;
see Figure 1A ). Lactating animals showed decreased absolute (data not shown) and relative brain weight ( Fig. 2A) under both basal and RS conditions when compared with nulliparous animals ( Fig.   2A ; p<0.01). However, RS animals, either nulliparous or lactating, showed an increase in relative brain weight compared with non-stressed rats ( Fig. 2A; p<0.05 ). An even more pronounced effect was present at the level of the hippocampus volume. Compared to nulliparous animals, lactating animals showed a decrease in hippocampal volume under basal conditions ( Fig. 2B, 2C ; p<0.001). Whereas repeated stress led to a decrease in hippocampal volume in nulliparous animals ( Fig. 2B ; p<0.01), it led to an increase in the lactating group ( Fig. 2B ; p<0.001), resulting in comparable hippocampus volumes between nulliparous non-stressed animals and lactating stressed dams. Figure 2C shows a representative image of a cresyl violet staining (lactating stressed animal (a) and lactating non-stressed animal (b).
Repeated RS exposure elevates cell proliferation in the DG SGZ during lactation, but does not affect the number of doublecortin expressing cells (Experiment 1)
To assess the effects of the reproductive status and stress on cell proliferation animals were given a single BrdU injection after 12 days of RS (LD13 or equivalent in nulliparous animals) and were perfused 24 h later (see Figure 1A) . Lactating animals showed a decreased number of BrdU-positive cells both under basal and repeated stress conditions ( Fig. 3A; p<0.05). However, stressed lactating animals showed an increased proliferation rate compared to non-stressed dams ( Fig. 3A ; p<0.01).
Next we questioned if the stress-associated effects on hippocampal cell proliferation in lactating animals translated into different numbers of immature neurons by assessing the number of DCX positive cells in the DG. The analysis revealed no significant differences in the number of DCX positive cells (Fig. 3B) . However, the morphology of DCX cells in the stressed group appeared to be less mature compared to non-stressed animals, as indicated by a less elaborated dendrite arborisation. Figure 3C shows a representative image of a DAB-immunostaining (lactating non-stressed animal (I) and lactating stressed animal (II)) against DCX.
Reproductive status and repeated RS modulate the fate of newly born cells in the DG (Experiment 2)
We next assessed the effect of reproductive status and stress on the fate of newly born cells in the DG.
Therefore, animals received BrdU injections on the first 4 days of stress (LD2-LD5 or equivalent in nulliparous and non-stressed groups) and were perfused 16 days later on LD21 (or equivalent in nulliparous animals; see Figure 1B ). The quantitative analysis revealed a reduction in the number of BrdU-positive cells in non-stressed and stressed lactating animals and in stressed nulliparous animals compared to the non-stressed nulliparous animals ( Fig. 4A ; p<0.01) ( Fig. 4A ; p>0.05).
To evaluate if nulliparous and lactating animals vary in their astroglial and neuronal differentiation patterns under basal and RS conditions the hippocampus was analyzed for cells double-positive for BrdU and NeuN for neuronal differentiation, or BrdU and GFAP for astroglial differentiation.
Although there was no effect of reproductive status on astroglial or neuronal differentiation, nulliparous and lactating rats that were exposed to RS showed a reduction in neuronal differentiation ( Fig. 4B ; p<0.05 versus respective non-stress groups), astroglial differentiation patterns were unchanged by RS exposure (Fig. 4C) . Figures 4D-F shows representative images of BrdU/NeuN/GFAP triple labeling of the DG (4D: BrdU; 4E: NeuN; 4F: GFAP; 4G: merge).
Repeated RS leads to an increase in basal CORT levels on LD6 (Experiment 3)
To assess the effect of stress during lactation on CORT levels, basal blood samples were taken immediately prior to stress exposure on LD2, LD4 and LD6 in separate groups of lactating rats. Twoway repeated-measures ANOVA revealed a significant interaction effect of day and stress (F 1,28 =9.042; p=0.006). Post-hoc analysis revealed higher basal CORT levels in RS dams on LD6 compared with non-stressed dams (p<0.01; Fig. 5 ). Acute stress-induced CORT levels did not significantly differ in between groups (data not shown).
DISCUSSION
This study provides the first evidence that hippocampal morphology and distinct stages of adult hippocampal neurogenesis are affected by stress in lactation. Lactating rats showed a decrease in absolute and relative brain weight during mid-lactation, which reflects previously published MR studies in humans revealing reduced brain size during the peripartum period (Oatridge et al., 2002) .
The observed lactation-associated effect on brain weight was reversed repeated stress exposure.
Changes in brain weight were also reflected in hippocampal volume and hippocampal cell proliferation. As previously reported, lactating dams showed a decrease in cell proliferation in the DG of the hippocampus compared with nulliparous females (Darnaudery et al., 2007; Leuner et al., 2007) , which was reversed by stress exposure. Stressed dams displayed a lower number of dividing cells during the first days of lactation and survived for approximately two weeks, as well as a reduced neuronal differentiation, whereas immature neuron production and astroglial differentiation were unaffected by RS in lactation. Moreover, the results of the present study reveal that basal CORT levels are only partly involved in the regulation of adult hippocampal neurogenesis under stress conditions during lactation, which further suggests that fluctuations in other hormones that occur classically during the peripartum period may play a major role, such as prolactin (Torner et al., 2009 ).
Collectively, these findings highlight that repeated stress during lactation has detrimental effects on physiologically occurring postpartum-associated adaptations at the level of the hippocampus.
Repeated RS during lactation prevents the lactation-associated decrease in hippocampal volume and cell proliferation and leads to a decrease in cell survival
The brain, and more specifically hippocampal morphology, undergo a postpartum reorganization (Galea et al., 2000; Oatridge et al., 2002) , which includes dendritic pruning of CA3 and CA1 pyramidal neurons of the hippocampus at the time of weaning, as well as an increase in spine density in these regions during pregnancy and lactation (Pawluski and Galea, 2006; Kinsley et al., 2006 ).
Interestingly, we were able to show a reduction in hippocampal volume during lactation, which mirrors the decrease in hippocampal cell proliferation and cell survival seen in our study; as well as in other previous findings (Darnaudery et al., 2007; Leuner et al., 2007; Pawluski and Galea, 2007) . The above mentioned changes in hippocampal neurogenesis have been shown to be related to the lactation period and are associated with the hypercorticism observed during that time (Leuner et al., 2007) .
Interestingly, we could show that the lactation-associated decrease in hippocampal volume and cell proliferation was prevented by stress exposure. Despite these reversals, repeated RS actually led to a decrease in cell survival, as well as an increase in basal CORT levels one day after the last BrdU injection. These results may initially seem paradoxical, as psychosocial and physical stress are commonly thought to impair adult hippocampal neurogenesis (Czeh et al., 2002; Gould et al., 1997; Heine et al., 2005; Pham et al., 2003) , mainly due to an effect of increased basal CORT levels (Cameron and Gould, 1994; Gould et al., 1992; Tanapat et al., 2001) . However, these studies have been performed in males, whereas the general consensus of studies in females is that stress reduces cell survival (Hillerer et al., 2013; Kuipers et al., 2006) either without affecting the number of proliferating cells (Falconer and Galea, 2003; Hillerer et al., 2013; Westenbroek et al., 2004) , or increasing the number of proliferating cells in virgin or pregnant females (Pawluski et al., 2011) .Thus, it appears that males and females react differentially to elevated CORT levels and stress situations in general. Additionally, it has been shown that the DG proliferation rate may habituate to stress exposure and, thus, display a reduced sensitivity to HPA axis hormones (Czeh et al., 2002) . Despite the literature supporting a link between a reduction in adult hippocampal neurogenesis and high basal CORT levels during stress and lactation, only a small percentage of precursor cells express CORT receptors (Cameron et al., 1993a) . In addition, a decrease in hippocamapal [ 3 H]-Dexamethasone binding capacity (Meaney et al., 1989) , as well as reduced coriticosteroid binding globulin levels (Pawluski et al., 2009) , during lactation might play a regulatory role in this context. Another consideration is that there might be a shift from CORT towards other regulatory mechanisms playing a predominant role during lactation stress. Given the fact that repeated stress during lactation led to an increase in active (i.g. arched back nursing) behaviour (data not shown) in the 2h after stress and pup exposure has been shown to increase hippocampal cell proliferation in nulliparous rats (Pawluski and Galea 2007) it is possible that maternal behaviour itself might regulate hippocampal cell proliferation in stressed dams. Further, the generation and removal of cells is delicately balanced and incorporation of newborn cells above a critical set-point might also be maladaptive as observed following epileptic seizures (Varodayan et al., 2009) . It is tempting to speculate that a similar situation may apply to the lactation period, as the normal decrease in cell proliferation may be involved in the reduced acute stress responsiveness observed at this time (Lonstein, 2007; Neumann, 2001) . Therefore, increased cell proliferation as seen in stressed lactating animals may have long-term consequences on HPA axis activity.
In addition, closer inspection of hippocampal cell proliferation and survival in both lactation groups revealed that a higher percentage of cells died in stressed dams over the distinct time course assessed compared with non-stressed dams. This suggests that the lactation period, under normal circumstances, is associated with a greater efficiency in neurogenic processes, as fewer proliferating cells are required to result in the same net cell survival as occurs in nulliparous females / males, which is in accordance with previous studies (Cameron et al., 1993b; Tanapat et al., 2001) . In contrast, increased cell death occurred in nulliparous animals despite no changes in cell proliferation. Thus, increased efficiency of neurogenesis during the lactation period might be an evolutionary adaptation, as the generation of new cells is a highly metabolic activity and the dam requires high metabolic resources to successfully raise her offspring. Furthermore, the observed results indicate that either apoptotic processes of progenitor cells and / or cell cycle length differs between the two lactating groups. The discrepancy between cell proliferation and survival in the stressed dams could indicate increased apoptosis of newly generated cells and, thereby, suggest a compensatory increase in cell proliferation as a result of an increased cell death of older cells after stress exposure (Abrous et al., 2005; Gould et al., 1991; Lucassen et al., 2001) .
Another possible explanation for the differences observed between stressed and non-stressed dams is an alteration in cell cycle length, as speculated above. Interestingly, increased cell proliferation in epilepsy is not only associated with an increase in apoptotic rate, but, moreover, with a shortened cell cycle length (Varodayan et al., 2009) . Therefore, it can be hypothesized that the turnover of the DG is accelerated by an increased division rate in stressed dams. In this regard, oestrogen could play an important role, as it decreases in lactation from high levels throughout pregnancy and stimulates a population of DG granule cells to divide faster, by regulation of the G 1 /S-phase transmission of the cell cycle (Geum et al., 1997; Hong et al., 1998) . Therefore, repeated stress may maintain high oestrogen levels in the dams, which, at least in part, would explain the observed changes in hippocampal cell proliferation and survival. Future studies will, therefore, assess apoptotic rates and cell cycle length by use of specific markers (i.e. Ki-67), as well as oestrogen levels, to gain better insight in factors regulating cell proliferation and survival under stress conditions during lactation.
Repeated RS during lactation does not affect immature neuron production, but leads to an alteration in astroglial and neuronal differentiation patterns
In addition to proliferation and survival, selection, differentiation and integration of adult generated cells into the circuitry are important neurogenic components (Lledo et al., 2006) . Disruption of these processes by environmental changes or stress exposure may cause a lack of cell populations with specific, temporally-necessary, properties in hippocampal function (Abrous et al., 2005) . Although immature neuron production during lactation was found to be decreased in a previous study (Leuner et al., 2007) , we could not replicate this in our study. However, the discrepancy may be explained by the use of different immature neuronal lineage markers (TuJ1 in the former and DCX in ours). In agreement with previous findings in male and nulliparous rats (Hillerer et al., 2013; Pham et al., 2003) , stress during lactation did not affect neuronal progenitor cells. Again, these results may initially appear to differ from the cell proliferation and survival results. However, upon closer inspection, despite not affecting the number of immature neurons, repeated stress appears to affect dendritic morphology of immature neurons; particularly in stressed dams (see Figure 3C /I and II). In more detail, we observed distraction of dendritic processes, including a lack of orientation towards the hilus of the DG. This is an interesting observation, as dendritic morphology and spine density has already been shown to be increased during the peripartum period in the prefrontal cortex and hippocampus (Kinsley et al., 2006; Leuner and Gould, 2010) and given the fact that immature neurons play an important role as pattern integrators and pattern separation (for review see (Aimone et al., 2010 #70) ).
Therefore, future studies should include a more detailed analysis of immature neurons in the DG of the hippocampus. Aside from the observed changes in dendritic morphology of immature neurons, we also observed a trend towards a decrease in immature neuron production, which might facilitate the interpretation of our results. With respect to the hypothesized stress-induced increase in apoptosis, it seems feasible that the unchanged immature neuron production in stressed dams mirrors the shift from the increased proliferation towards decreased survival, as also occurred in nulliparous females. This becomes even more evident when considering the neuronal and astroglial differentiation patterns.
Although neuronal differentiation was unchanged during the lactation period, stress exposure led to a reduction in mature neurons with a concurrent trend towards an increase in mature astroglial cells.
These results reveal that DG cells that are engaged in apoptotic processes in the postpartum stress group are solely neurons. The addition of new neurons that reach maturity is thought to be of importance in relation to motherhood, especially in the context of maternal bonding and care (Gandelmann et al., 1971; Leuner and Shors, 2006; Santarelli et al., 2003) and vice versa (Furuta and Bridges, 2009) . Therefore, alterations in the number of neurons within the hippocampus might both directly and indirectly via DG pathways to other brain regions involved in maternal behaviour contribute to changes in maternal care and maternal anxiety, as seen after stress exposure during the peripartum period (Hillerer et al., 2011a; Maestripieri and D'Amato, 1991; Purcell et al., 2011) .
CONCLUSIONS
The results of the present study reveal important consequences of repeated stress exposure during lactation on maternal brain adaptations and particularly on different stages of adult hippocampal neurogenesis in the DG. The observed changes suggest that stress prevents or reverses the physiologically reduced proliferation and increased efficiency of neurogenesis in the peripartum period. These stress-induced changes in neurogenesis are likely to be mediated, at least in part, via increased apoptosis or a shortened cell cycle length, given the reduced neuronal differentiation observed in the stressed group. They may further play a role in the behavioural and neuroendocrine adaptations observed following lactation stress exposure. However, further research is required to elucidate specific regulatory mechanisms of cell proliferation, selection, differentiation and integration of newly generated cells which are altered by chronic stress. This study reveals that repeated postpartum stress exerts a variety of negative effects on the maternal brain and particularly in specific stages of hippocampal neurogenesis that might underlie the increased risk for depressive disorders during that susceptible time. The relative brain weight (A) (experimental timeline see Figure 1A ) and the hippocampal volume (B) (experimental timeline see Figure 1A ) was assessed in the DG of the hippocampus in nulliparous and lactating females under basal (grey bars) or repeated stress (black bars) conditions. A) Lactating animals showed a lower relative brain weight under basal conditions; stress during lactation led to an increase in relative brain weight, when compared with the respective non-stressed group B) Analysis of hippocampal volume revealed a reduced hippocampal volume in lactating animals under basal conditions; stress led to a reduced volume in nulliparous animals, whereas it had the opposite effect in lactating animals. C) Representative image of the Cresyl violet staining for the analysis of hippocampal volume ( a) nulliparous non-stressed animal; black dotted arrow= 242µm, white dotted arrow=466µm b) lactating non-stressed animals; black dotted arrow= 230µm, white dotted arrow=420µm). Data represent mean ± SEM with the numbers in parentheses representing the group sizes. *, p<0.05 vs. respective non-stressed group; **, p<0.01 vs. respective non-stressed group; ***, p<0.001 vs. respective non-stressed group; ##, p<0.01 vs. respective nulliparous group; ###, p<0.001
vs. respective nulliparous group; RS, restraint stress The total number of proliferating cells (A) (experimental timeline see Figure 1A ) and the number of immature neurons (DCX+ cells) (B) (experimental timeline see Figure 1A ) was assessed in the DG of the hippocampus in nulliparous and lactating females under basal (grey bars) and stress (black bars) conditions. A) Lactating animals showed a lower number of proliferating cells, both under basal and repeated stress conditions; stress during lactation led to an increase in cell proliferation when compared with the respective non-stressed group B) There was no effect of reproductive status or stress on immature neuron production; C) Representative image of a DAB-immunostaining against DCX (lactating non-stressed animal (I) and lactating stressed animal (II)), scale bar = 50µm. Data represent mean ± SEM with the numbers in parentheses representing the group sizes. **, p<0.01 vs.
respective non-stressed group; #, p<0.05 vs. respective nulliparous group; ###, p<0.001 vs. respective nulliparous group; RS, restraint stress (experimental timeline see Figure 1B ) and astroglial cells (BrdU positive, GFAP positive, NeuN negative cells) (C) (experimental timeline see Figure 1B ) was assessed in the DG of the hippocampus in nulliparous and lactating females under basal (grey bars) or stress (black bars) conditions. A)
Lactating animals showed a reduction in cell survival under non-stress conditions; stress led to a reduction in cell survival in nulliparous, but not lactating animals. B) Repeated stress reduced neuronal differentiation in nulliparous and lactating females, no basal differences were observed between nulliparous and lactating animals. C) There was no effect of the reproductive status or stress on astroglial differentiation patterns. D-G) Representative images of the triple-immunfluorescent image (lactating non-stressed animal) with antibodies against BrdU (4D) (red), GFAP (4E) (violet) NeuN (4F) (green) and merge (4G), scale bar = 50µm. Data represent mean ± SEM with the numbers in parentheses representing the group sizes. *, p<0.01 vs. respective non-stressed group; ##, p<0.01 vs.
respective nulliparous group. RS, restraint stress Plasma CORT levels on LD2, LD4 and LD6 were assessed immediately prior to stress exposure.
Stressed dams showed higher basal CORT levels on LD6 when compared with the non-stressed dams.
Data represent mean ± SEM with the numbers in parentheses representing the group sizes. **, p<0.01
vs. respective non-stressed group. NS, non-stressed; S, stressed One-or two-way analysis of variance (ANOVA) with or without repeated measures was applied a appropriate followed by Fisher's post hoc test. * P < 0.05
